This article reports the characterization of mesoporous Nb 2 O 5 synthesized by the sol-gel method for application in photocatalysis. The emerging contaminant methylviologen was employed for photocatalytic tests. Parameters inherent to the synthesis process, such as stirring rate, aging temperature, and calcination temperature, were employed for a range of values to improve the synthetic route. The powders obtained were characterized by thermogravimetric analysis, X-ray diffraction, scanning and transmission electron microscopy, specific surface area, infrared spectroscopy, energy-dispersive spectroscopy, and diffuse reflectance spectroscopy. In samples calcined at 450 °C, a mixture of amorphous and hexagonal phases was observed, with a predominance of the former, while in samples calcined at 650 °C the orthorhombic phase predominated. Samples calcined at 450 °C exhibited larger specific surface areas. Mesoporous structures were confirmed for samples T8035M450 and T8045mi450, which displayed higher photoactivity, with roughly 90% removal of methylviologen.
Introduction
The expansion of intensive farming around the world and the large-scale development of the agrochemical industry in response to the growing demand for food, have led to a drastic increase in the amount and variety of pesticides in surface water and groundwater. 1, 2 Pesticides are responsible for most of the effluents containing high concentrations of toxic non-biodegradable compounds not amenable to removal by conventional water treatment. 3, 4 Pesticide management has been an issue of major concern in scientific circles, given the potential environmental impact of these compounds. 2 In Brazil, the demand for pesticides has been increasing year by year, and the country is currently one of the largest consumers of these products. According to the Brazilian Union of Plant Defensive Industries (SINDIVEC), 5 the domestic agrochemical market grew by 6-9% in 2014. Of the pesticides employed in crop production, herbicides have become the most used. Reasons for this increase include the expansion of planted areas and the diffusion of agricultural technologies. In Brazil, herbicides represented 19% of pesticide sales in 2013, accounting for US$ 3.739 billion. 5 Among numerous emerging contaminants, paraquat, also known as methylviologen (MV 2+ ), a non-selective contact herbicide of the bipyridyl class (dimethyl-4,4'-bipyridinium dichloride), was first marketed in 1962. Its low cost and high effectiveness have placed it among the most widely employed herbicides in crops such as rice, coffee, sugarcane, beans and soybeans in over 130 countries. [6] [7] [8] Toxicity and persistence make pesticides a serious environmental concern, 1 it is necessary to introduce additional technologies to suitably remove these compounds from effluents. Advanced technologies have recently been used in the treatment of effluents containing multiple compounds, and advanced oxidation processes (AOPs) have gained particular attention for their ability to successfully remove persistent organic compounds. biodegradable, less toxic compounds and/or fully mineralizing them into carbon dioxide, water and inorganic anions. 15, 16 Among AOPs, heterogeneous photocatalysis has been a focus of interest for its ability to degrade harmful pollutants. 17 The principle underlying heterogeneous processes is the activation of a semiconductor by sunlight or artificial light. 18 When the surface of the semiconductor material is excited with photons with energy equal or higher than band gap energy (E gap ), electrons are promoted from the valence band (VB) to the conduction band (CB). As a result of this, an electron (e 
The positive holes oxidize either pollutant directly (equation 2, pollutant is represented by P) or react with adsorbed species such as water molecules or hydroxide ion to produce HO
• radicals (equation 3). 20 Similarly the electron can be donated to an electron acceptor (oxygen adsorbed) to produce superoxide radical anion, O 2 owing to their ability to form stable hydrocolloids in aqueous media, facilitating interaction with the compound to be degraded and improving photoactivity. 35 However, because recovery of these semiconductors for reuse is complex and laborious, 36 alternative semiconductors have been viewed as a promising solution to meet the requirements of Green Chemistry Principle No. 7 (use of renewable sources of raw materials). 37 Despite a band gap energy of 3.4 eV, higher than that of TiO 2 (3.2 eV), Nb 2 O 5 has the advantage of not forming a stable hydrocolloid with target compounds. It can thus be easily recovered and reused, without significant loss of photocatalytic activity, which makes it a promising catalyst for use in photocatalysis. 38, 39 Because of its acidic nature, Nb 2 O 5 is widely used in catalytic reactions such as dehydration, esterification, hydrolysis, condensation, and particularly oxidation reactions. Nonetheless, its photocatalytic properties remain scarcely investigated. 38, [40] [41] [42] [43] [44] [45] Roughly 98% of known reserves of niobium are located in Brazil. The country currently accounts for over 90% of all niobium traded worldwide, followed by Canada and Australia. 46 Investigating new technological applications for this metal is therefore highly relevant.
Most industrial processes using Nb 2 O 5 as a photocatalyst employ the micrometric form of this material, obtained by calcining the commercial oxide or by treatment with reagents such as hydrogen peroxide, acids, and alkalis, 43 a disadvantage in heterogeneous photocatalysis, since catalyst photoactivity depends directly on physical and chemical properties that include surface area, morphology, mesoporous structure, adsorption capacity, crystal structure, and particle size. 47 The ability to synthesize the catalyst to achieve control of properties such as formation of mesoporous structures is therefore of great interest.
The principal approaches for synthesizing nanostructures are the sol-gel, polymer precursor, hydrothermal, and solvothermal methods. 48 The sol-gel method has long been used to produce porous materials exhibiting large surface areas. 39 Molecular precursors, especially metal alkoxides, are commonly employed, owing to their high purity and ease of control of the synthesis process. 49, 50 Conversion of an alkoxide into a gel occurs by precipitation followed by hydrolysis and condensation (with polymerization of the hydrolyzed species). 51 The purpose of this study was to characterize mesoporous Nb 2 O 5 photocatalysts synthesized by the sol-gel method, considering their use in photocatalysis and employing MV 2+ as a model emerging contaminant. The oxides thus synthesized were characterized by thermogravimetric analysis (TGA/DTG), X-ray diffraction Vol. 27, No. 2, 2016 (XRD), scanning and transmission electron microscopy (SEM and TEM), specific surface area (BET), Fouriertransform infrared spectroscopy (FTIR), energy dispersive spectroscopy (EDS), and diffuse reflectance spectroscopy (DRS). Nb 2 O 5 nanoparticles were synthesized by the sol-gel method from the niobium(V) isopropoxide, as adapted from the procedure described by Antonelli et al. 52 Synthesis was performed by hydrolysis, followed by condensation of the alkoxide and aging under constant stirring and controlled temperature. The route employed has the advantage of eliminating the need for chelating agents.
Experimental
As a first step, niobium isopropoxide (C 15 H 35 NbO 5 ) was synthesized. In a glovebox with nitrogen atmosphere, 1.89 g of niobium(V) chloride (NbCl 5 ) was dissolved in 10 g of isopropyl alcohol (equation 9). The reaction system was kept under constant stirring for 40 min until all NbCl 5 dissolved. To evaluate the formation of C 15 H 35 NbO 5 , the product obtained was characterized by hydrogen nuclear magnetic resonance (NMR).
The synthesized niobium isopropoxide was mixed with 0.3 g of Tween 80 surfactant under stirring and 1.8 mL of ultrapure water was then added. The resultant mixture was left to age for 72 h. The precipitate was separated by centrifugation (4500 rpm for 30 min), washed with ultrapure water, dried, and calcined at ambient temperature. Two oxides, synthesized in the absence of surfactant, served as blanks.
Synthesis conditions (aging temperature, stirring speed, calcination temperature) have a pronounced effect on the physicochemical properties of products (e.g., phase, morphology, particle size, specific surface area) and consequently on their photocatalytic properties, and were therefore investigated (Table 1) .
Characterization
The surface morphology and surface topography of samples were examined using a JSM-7100F scanning electron microscope and a JEM-2100 transmission electron microscope (both from Jeol). For SEM, the samples were mounted on carbon tape and sputter-coated with platinum. For TEM, the samples were dispersed in ethanol with the aid of ultrasound and deposited onto copper grids. Mean diameter of particles was determined by counting the particles shown in TEM images from different fields in each sample, using ImageJ software. 53 For qualitative analysis of the elemental composition of the synthesized material, EDS measurements were performed using a JSM-6830LV scanning electron microscope (Jeol) with a 30 kV electron beam.
For thermogravimetry, the samples were placed in a platinum crucible and analyzed on a TGA Q50 device (TA Instrument) (heating rate: 10 °C min -1 ; temperature range: 25-900 °C; nitrogen atmosphere, with flow rates of 40 mL min -1 in the thermobalance and 60 mL min -1 in the furnace). The crystal structures of powders were investigated by analyzing XRD from 4 to 100° (2θ) at 0.017° intervals and measuring time of 50 s step -1 , employing an X'pert PRO MRD diffractometer (PANalytical) as the Cu Kα radiation source (λ = 1.5406 Å). Specific surface area, pore volumes, and pore size distributions were determined by nitrogen adsorption analysis, based on BET isotherms. The samples were degassed at 150 °C for 15 h and measurements were taken at 77 K. UV-Vis diffuse reflectance electronic spectra of the powders were obtained using a pulsed PX2 xenon lamp and a USB-4000 detector (both from Ocean Optics), optical fibers, and Ocean Optics SpectraSuite software. Magnesium oxide was used as the reference for total reflection. Scans were performed at 250-800 nm. FTIR spectra were recorded using an MB spectrophotometer (Bomem), with scanning at 500-4000 cm -1 , employing powder dispersion in potassium bromide pellets.
Photodegradation procedures
Photocatalytic efficiency was evaluated by MV 2+ photodegradation rates. The experiments were conducted in an annular glass photochemical reactor with 1 L capacity and quartz casing for insertion of the radiation source. UV radiation was provided by a 125 W medium-pressure mercury vapor lamp (Philips) of 4.59 × 10 21 s -1 photon flux experimentally determined by chemical actinometry. 12, 27 The lamp, without its protective casing, was positioned lengthways to the reactor, within a quartz tube. A magnetic stirrer homogenized the solution throughout the experiment. The photochemical reactor temperature was monitored throughout the reaction at 25 °C with the aid of a thermostatic bath. For the photodegradation experiments, 0.5 g of the desired catalyst was placed in 500 mL of MV
The experiments were performed without pH control (pH ca. 6.0 ± 0.2). Reaction time was 100 min and aliquots of approximately 4 mL were collected at predetermined intervals and filtered. Degradation was monitored by absorption spectrophotometry in the UV-Vis range on a U-3000 UV-Vis spectrophotometer (Hitachi).
Results and Discussion

Characterization results
1 H NMR analysis was performed to confirm the presence of niobium isopropoxide (a precursor of Nb 2 O 5 synthesis), formed by reacting NbCl 5 with isopropanol. The isopropanol spectrum (Figure 1a) shows three characteristic regions around 0.9, 3.7, and 4.2 ppm, corresponding to a carbon doublet, a sextet, and hydroxyl, respectively. In the spectrum shown in Figure 1b , the band corresponding to the hydroxyl group, at 4.2 ppm, disappears, owing to replacement of a hydrogen with a niobium atom (see equation 9), confirming the formation of niobium isopropoxide. The presence of niobium (a paramagnetic atom) causes the neighboring hydrogen atoms to relax, which translates to the spectral changes observed at 3.7 and 4.2 ppm.
The thermal behavior of the synthesized oxides was investigated by monitoring the removal, during TGA/ DTG analysis, of adsorbed water and the organic matter originating from isopropanol and surfactant. This technique was also employed as a pre-step for selecting the calcination temperature range to be employed in the synthetic route.
All materials synthesized exhibited similar behaviors. Figure 2 shows the profile of mass loss as a function of temperature and its derivative for the synthesized oxide, for an aging temperature of 45 °C and minimum stirring speed. Three major stages can be observed. The first spans the 50-100 °C region, with a 9.41% mass loss corresponding to removal of surface water, as well as isopropyl alcohol, since organic residues are often present in samples synthesized by the sol-gel method. 54 The second, in the 100-300 °C range accounted for a mass loss of 7.99%, attributed to decomposition of organic matter, surfactant, and niobium isopropoxide and one last step in the region of 300-560 °C attributed to removal of organics adsorbed on the surface and to structural arrangement of the oxide. On the DTG curve, the first step is supported by two exothermic peaks at about 50 and 100 °C, while the second step is supported by four peaks, at about 230, 479, and 554 °C, showing that thermodecomposition involves more steps than indicated by the TGA curve. Throughout the analysis, mass loss was about 19% of the initial mass, with 81% of the residue consisting of Nb 2 O 5 .
XRD was employed to examine the changes occurring in the crystal structures of the oxides ( Figure 3 ). As expected, the oxides synthesized via the controlled route in the presence of surfactant exhibited lower crystallinity than samples B450 or B650 (as revealed by the high intensity of the majority of dominant diffraction peaks of these samples), possibly because the controlled parameters imparted relatively well-organized atomic arrangements to the synthesized materials, hence their low crystallinity.
The diffractograms of samples calcined at 450 °C (Figure 3a ) revealed a mixture of hexagonal and predominantly amorphous phases, the latter confirming the presence of mesoporous particles. All wide-angle peaks in both patterns correspond to a pure TT-phase (JCPDS, 28-317), with major peaks indexed as (001), (100), (101), (002), (110), (102), (111), (200), (201), (112), and (202), respectively. These results reveal similarities with TT-phase samples, according to parameters published by Schaffer et al. 55 Other investigators also obtained an amorphous phase by calcining at 400-500 °C.
56-59
For a higher calcination temperature (650 °C, Figure 3b ), peaks attributed to the orthorhombic phase Pores with diameters of 2 to 50 nm are known to correspond to mesoporous materials. 68 For oxides T8035M450 and T8045mi450, pore diameters of 6.60 and 4.10 nm were obtained, respectively, and their nitrogen adsorption-desorption isotherms were consistent with typical patterns for mesoporous materials (Type IV, in the IUPAC classification of adsorption isotherms), indicating the mesoporous nature of these materials. 69 For the other synthesized oxides, no isotherms typical of mesoporous materials were observed. Figure 4 compares typical isotherms of a mesoporous (T8035M450) and a nonmesoporous sample (T8035M650), confirming the closure of pores with increasing temperatures.
Band gap energy (E gap ) values were estimated by linear regression of the absorption slope by extrapolating the tangent to the energy (E = 1240.82/λ) vs. absorbance curve obtained from DRS experiments. Figure 5 shows the behavior of absorbance, from which the E gap value was determined for T8035M450 sample. E gap values of the other photocatalysts were determined in the same manner. For all the synthetic routes, the estimated E gap values remained within the 3.0-3.1 eV range-consistent with published values of 3.08-3.20 eV, 56 3.22 eV, 60 and 2.99-3.17 eV. 70 The synthesized oxides can therefore be employed as UV-Vis radiation-absorbing materials.
All the oxides were subjected to infrared spectroscopy to monitor the removal of adsorbed water and organic matter (such as surfactant) that takes place during calcination, as well as the formation of oxide polymer networks. All spectra exhibited similar peaks. Figure 6 shows the curves corresponding to the infrared spectra obtained before and after heat treatment at 450 °C of the sample synthesized under maximum stirring and aging temperature of 35 °C.
In the FTIR spectra, Nb 2 O 5 formation is corroborated by the presence of a strong, broad band around 620 cm Relative pressure / (P/P 0 ) With the aid of SEM data, the effect of variations in the synthetic routes on particle morphology in the oxides was evaluated. Figure 7 shows SEM images of samples B450 and B650, revealing that oxides consisted of particle clusters with a rounded morphology. Figure 7a , for sample B450, reveals that TiO 2 particles are constituted of clusters. Clusters of these types are smaller, more aggregated, and more defined than in oxide B650 (Figure 7b) , indicating the influence of the calcination temperature on particle morphology. These results are consistent with surface areas, since the clusters are closer together in the oxides synthesized at 650 °C, resulting in smaller surface areas.
Particles exhibited better-defined shapes in the oxides calcined at 650 °C (Figures 8 and 9 ), demonstrating the effect that surfactant presence during synthesis has on particle morphology, as well as the influence of modifying the parameters investigated.
It is observed that oxides synthesized employing an aging temperature of 45 °C exhibited more pronounced clustering, but increased stirring speed produced more dispersed particles, albeit not uniformly organized. This lack of uniformity is typical of the surfactant used as a template, i.e., the micelles formed in its presence are not uniformly organized. Figure 10 shows representative TEM images and histograms of particle size distributions (estimated using Feret diameters) for mesoporous sample T8035M450 and non-mesoporous sample T8045M450. Because Nb 2 O 5 particles are polydisperse, their dimensions could not be correctly determined, but most ranged from 30 to 50 mm in both samples. Also, sample T8035M450 was found to have a mesoporous structure, as shown by the N 2 adsorptiondesorption isotherms and TEM images. This study was employed to evaluate changes in physicochemical properties resulting from changes in synthesis parameters (presence of surfactant, aging temperature, stirring speed, calcining temperature).
Direct photolysis was insufficient to degrade MV 2+ , with only 58% of MV 2+ was degraded after 100 min under UV radiation with medium-pressure mercury vapor lamp (Philips, photon flux = 4.59 × 10 21 s -1 ). Even the MV 2+ has a very strong UV signal at 257 nm that corresponds to a π-π* transition of the electrons in the pyridinium ring 75 and consequently, overlaying the spectrum of the incoming radiation (maximum intensity at 254 nm), its removal was inefficient. On the other hand, more than 90% of MV 2+ was degraded within 60 min using oxides T8035M450 and T8045mi450.
To quantify differences between degradation rates, MV 2+ oxidation rate data were employed to calculate k ap , the pseudo-first-order kinetic constant (Table 3) As can be seen ( Figure 11a and Table 3 ), the highest degradation rates (between 92 to 88%) were obtained with oxides calcined at 450 °C, in agreement with Paulis et al., 58 who found a strong relationship between calcining temperature and catalytic activity of Nb 2 O 5 . These results were corroborated by the results of characterization, in which the oxides exhibited higher surface areas and mesoporous structures, both of which account for superior photocatalytic activity.
Another explanation for the improved photocatalytic response of oxides calcined at 450 °C is that the surfaces of oxides calcined at this temperature contain Brønsted-Lowry acid centers, and increasing the calcination temperature converts these active centers into Lewis acids. 58 Because Lewis acids are electron-deficient 76 and MV 2+ in aqueous solution is positively charged, these conditions may have interfered with the interaction ; [catalyst] = 0.5 g per 500 mL. Vol. 27, No. 2, 2016 between substrate and catalyst surface, lowering catalytic efficiency.
Results of MV 2+ degradation using oxides calcined at 450 °C showed that the aging temperature and stirring speed did not influence in the photocatalytic efficiency of catalysts.
Degradation rates decreased significantly for the oxides calcined at 650 °C (see Table 3 ), probably owing to the higher crystallinity of these materials (as shown by XRD data). Crystallinity considerably decreases the rate of substrate adsorption onto the catalyst surface, consequently reducing photocatalytic response. Unexpectedly, the sample T8045M650 exhibited highest MV 2+ degradation after 100 min of treatment. One possible explanation could be the fact that the oxide showed lower crystallinity, but to confirm a further study of XRD data would be necessary. Raba et al. 79 synthesized Nb 2 O 5 via Pechini method and investigated its performance in processes photoinduced of rhodamine B and atrazine degradation, under visible light irradiation. Additionally, the authors studied for three different heat treatments (500 ºC for 2 h, 600 ºC for 2 h, 500 ºC for 11 h in nitrogen flow and 11 h in air flow). The authors obtained 30% of atrazine removal after 50 min for the two oxide tested (samples calcined at 500 ºC without gas flow and with the gas flow). For photocatalytic tests using rhodamine, the oxide of low cost (samples calcined at 500 ºC without gas) was used. The degradation rate for this contaminant was lower compared to atrazine.
According to all the mentioned in the previous paragraphs and by comparison with our results, we can claim that the catalysts presented in this paper have good photocatalytic activity, consequently encourage the use of of these catalysts synthesized as an effective technology for the treatment of MV 2+ .
Conclusions
Nb 2 O 5 synthesized by the sol-gel method is a promising material for the photocatalytic degradation of emerging contaminants, with the advantage of easy removal and recovery, thus overcoming a major obstacle in the use of traditional photocatalysts (TiO 2 and ZnO).
The results showed that choice of a suitable synthetic route is crucial for the synthesis of highly active photocatalysts. Calcination temperature was the synthesis parameter that most influenced photocatalytic response. The highest MV 2+ removal rates were obtained with oxides calcined at 450 °C, particularly T8035M450 (91% removal) and T8045mi450 (92%). These photocatalytic efficiency results are consistent with the characterization of these oxides (large surface areas and formation of mesoporous structures, as confirmed by pore diameters and TEM images).
Crystallinity increased with rising calcination temperatures. The more crystalline the oxide, the lower the adsorption of MV 2+ onto its surface, and consequently the lower the MV 2+ degradation rate obtained.
